The recent increasing of atmospheric turbulence has had considerable impact on the oceanic environment and ecosystems of the Arctic. To understand its effect on phytoplankton community structure, a Eulerian fixed-point observation (FPO) was conducted on the Chukchi shelf in fall 2013. Temporal and vertical distributions of the phytoplankton community were inferred from algal pigment signatures. A strong wind event (SWE) occurred during the observation term, and significant convection supplied nutrients from the bottom layer to the surface. Before the SWE, pigment composition in the warmer, less saline, and nutrient-poor surface waters was diverse with low concentration of chlorophyll-a (chla). Vertical mixing induced by the SWE weakened the stratification and brought sufficient nutrients to enhance diatom-derived pigment concentrations (e.g., fucoxanthin and chlc3), suggesting increases in diatoms. We also developed a model to predict the distribution of major phytoplankton pigment/chla ratios using a profiling multi-wavelength fluorometer (Multi-Exciter) with higher spatio-temporal resolution. The Multi-Exciter also captured changes in pigment composition with environmental changes at the FPO site and at four observation sites 16 km from the location of the FPO. Furthermore, we investigated the change in grazing rates of the major Arctic copepod Calanus glacialis copepodid stage five to assess the interaction between primary and secondary producers during the fall bloom. Increased diatom biomass caused a significant increase in the grazing rate on microphytoplankton (> 20 µm) and a decrease on nanophytoplankton (2-20 µm), indicative of a strong cascade effect because of the reduction of microzooplankton due to the grazing from C. glacialis. We conclude that SWEs during fall might affect food webs via the alternation of seasonal succession of phytoplankton community structure.
Introduction
Recent warming of the Arctic Ocean has caused reduction in the area of seasonal sea ice cover; its early break-up in spring and delayed freezing in fall (e.g., Stroeve et al. 2007; Comiso et al. 2008; Markus et al. 2009 ). Thus, Arctic Ocean ecosystems are facing drastic modification because of these changes. A number of studies have reported shifts in species composition, biomass, and distribution of many trophic level organisms because of the decline of sea ice and related environmental changes (e.g., Grebmeier 2012 and references therein). For example, in phytoplankton communities, a taxonomic shift from large to small has been found in the upper layer of the Canada Basin owing to the nutricline deepening (Li et al. 2009 ). Earlier sea ice retreat has been found to cause change in the seasonal succession of surface phytoplankton communities in the northern Chukchi Sea (Fujiwara et al. 2014) . Furthermore, enhanced ocean circulation has been reported to stimulate primary productivity in the Eurasian Basin but to reduce it within the Beaufort gyre (Nishino et al. 2011) . Changes in secondary producers have also been reported for the Chukchi and adjacent seas. Higher abundance and biomass of mesozooplankton during summers in 2000s than 1990s in the Chukchi Sea is considered to be less ice and warmer temperature (Matsuno et al. 2011) . Warmer temperature of less ice condition in the northern Bering Sea is expected to enhance zooplankton grazing activity on phytoplankton .
Changes in atmospheric conditions have been reported as well as sea ice conditions. For example, an increase in storm frequency and a northward shift of storm tracks in the Arctic Ocean due to the sea ice loss have been reported (e.g., Serreze et al. 2000; Zhang et al. 2004; Sepp and Jaagus 2011) . It is becoming important to take into account the ocean-atmosphere interactions in the Arctic, because recent sea ice loss may lead an increase of wind energy into the surface ocean (Rainville and Woodgate 2009; Martini et al. 2014) . In temperate seas, enhanced surface mixing caused by storms could trigger sudden development of phytoplankton blooms because of nutrient enrichment from below the nutricline (Lin 2012; Zhao et al. 2015) . Ardyna et al. (2014) documented that the occurrence of fall bloom in the Arctic, rarely seen previously (a single spring bloom is the predominant blooming feature), has increased in panArctic seas because of the growth in the number of stormy days. Because of the short-chained food web in the Arctic, a small change in primary producers can have considerable effect on higher trophic level organisms (Grebmeier et al. 2010) . Therefore, it is crucial to comprehend the detailed response of phytoplankton communities to novel blooming characteristics in fall.
To document the physical, chemical, and biological oceanic effects of strong wind, we conducted a fixed-point observation (FPO) on the Chukchi shelf for two weeks (Nishino 2013) . Fortunately, a strong wind event (SWE) defined as wind speed exceeds 10 m s −1 occurred during the FPO. It persisted for a few days because of the slow movement of an anticyclone over the Siberian Sea . Several studies have reported about physical and biogeochemical impacts of the SWE during the FPO. Briefly, the SWE magnitude was sufficiently large to induce internal waves and weaken the vertical stratification Nishino et al. 2015) . A significant increase in nutrients from deeper water was found at the surface due to the weakening of the pycnocline. Subsequently, both the chlorophyll-a (chla) fraction attributed to large-celled phytoplankton, and the depth-integrated primary production were also found to have increased. Yokoi et al. (2016) examined the taxonomic changes in large phytoplankton (> 20 µm) and microzooplankton communities, and reported a remarkable increase in the number of pennate diatoms after the SWE. Mesozooplankton also responded to the increase in the large-sized phytoplankton (> 10 µm) that they feed on (Matsuno et al. 2015) . Not only planktonic organisms, but also bacterial abundance and production responded and increased significantly after the SWE (Uchimiya et al. 2016) . However, the response of the phytoplankton community structure including small assemblages (e.g., prasinophytes and haptophytes), generally dominate in the surface during strongly stratified season (e.g., Hill et al. 2005; Fujiwara et al. 2014) , is still unclear. Since identification of these small assemblages by microscopy requires a high level of taxonomic skills, we used pigment signature as a biomarker to infer the phytoplankton taxonomic composition at the class level (e.g., Jeffrey and Vesk 1997; Wright and Jeffrey 2006) . To understand the roles of the fall bloom on biogeochemical cycles and food web, it is important to comprehend the taxonomic response of phytoplankton community structure, because different phytoplankton assemblages play different roles in biogeochemical cycles and ecosystems (e.g., Cushing 1989; Lochte et al. 1993; Sunda et al. 2002; Bopp et al. 2003; Ardyna et al. 2011; Leu et al. 2011) . In this study, we also focused on the ecological impact of the fall bloom assessing how increased phytoplankton can transport to the secondary producer, the Arctic copepod Calanus glacialis, the key species in the Chukchi Sea, by measuring their grazing rate on phytoplankton. Integrating the knowledge of predator-prey interactions is essential to comprehend recent Arctic changes in ecosystem. Hence we aimed to evaluate the response of phytoplankton community structure and zooplankton grazing activity on the increased phytoplankton to short-term environmental changes during the fall bloom.
Materials and methods

Cruise summary and water sampling
The FPO site was located at 72.75°N, 168.25°W (Fig. 1a) . We remained on station at the FPO site from September 10-25, 2013 and revisited on September 30, during the cruise of R/V Mirai (JAMSTEC). CTD observations and routine water sampling were conducted every 6 h at the FPO site (00:00, 06:00, 12:00, and 18:00 UTC). In addition, four observation sites (sub-FPO sites; stations A, B, C, and D) were set 16 km from the FPO site and CTD profiles were conducted between the FPO site samplings. On most CTD casts, a multi-spectral excitation/emission fluorometer (Multi-Exciter, JFE-Advantech Co. Ltd.) was attached to the CTD frame to measure the vertical profile of chla fluorescence.
Water samples were collected using a clean plastic bucket for surface samples and 12-L Niskin-X bottles for each standard collection depth (5, 10, 20, 30, 40, 45, and 50 m) and optical depth (38, 14, 7, 4, 1, 0 .6% relative to surface photosynthetically available radiation, PAR), which were attached to the CTD/Carousel sampler. The temperature and salinity (defined by the dimensionless practical salinity scale) were measured using a thermometer and a Guildline AUTOSAL salinometer, respectively, or by a CTD system (SeaBird Electronics Inc., SBE 9plus). Nutrient concentrations (nitrate, nitrite, ammonia, phosphate, and silicate) were determined onboard using auto-analyzers (QuAAtro, SEAL Analytical) within 24 h after sampling according to the GO-SHIP Repeat Hydrography Manual ) using the Reference Materials of Nutrients in Seawater Sato et al. 2010) . Total alkalinity of the water was measured using a spectrophotometric system (NIPPON ANS, Inc.) and the scheme of Yao and Byrne (1998) . We calculated the fraction of freshwater contents (i.e., the sea ice meltwater, f SIM , and other freshwater, f OF , carried by the water of Pacific origin) from the values of total alkalinity and salinity following the method of Yamamoto-Kawai et al. (2005) , and the endmembers of salinity and total alkalinity were obtained from Nishino et al. (2016) . We conducted the measurement of vertical profile of PAR using a PRR-800 spectroradioimeter with a freefall profiler (Biospherical Inc.).
Total chla concentration was measured at each target depth by filtering 300 mL of seawater onto Whatman GF/F glass fiber filter (25 mm diameter) immediately after the sampling. The filters were soaked in DMF for 24-48 h (Suzuki and Ishimaru 1990) , and the chla concentrations were measured using a fluorometer (10-AU, Turner Design).
Samples for analysis of phytoplankton pigments (chlorophylls and carotenoids) were collected from six or seven depths every FPO observation day at 18:00 UTC (09:00 local time). Sample water (2.2 L) was filtered onto a GF/F filter (25 mm diameter) and stored in liquid nitrogen for 3 months until analysis in the laboratory. The filter samples were soaked and sonicated in 3 mL of N, N-dimethylformamide (DMF) (Suzuki et al. 2002) . Then, the extracted algal pigments were separated by HPLC following the method of van Heukelem and Thomas (2001) . The pigments used for the analysis were chlorophyll-c3 (chlc3), chlorophyll-c1 + c2 + magnesium divinyl pheoporphyrin a5 monomethyl ester (chlc1 + c2 + MgDVP), peridinin (peri), 19′-hexanoyloxyfucoxanthin (hex), fucoxanthin (fuco), 19′-butanoyloxyfucoxanthin (but), diadinoxanthin Color scale indicates year of the data plots (diadino), alloxanthin (allo), zeaxanthin (zea), prasinoxanthin (prasi), lutein (lut), chlorophyll-b (chlb), and chla. In this study, we simply interpreted pigment/chla ratios as proxy of taxonomic composition in combination with cluster analysis (see "statistical analysis" section for details), and inferred the temporal and vertical distribution of taxonomic composition (Hill et al. 2005; Fujiwara et al. 2014 ).
Measurement of high-resolution pigment distribution using Multi-Exciter
High-performance liquid chromatography (HPLC) pigment signature is used widely to infer phytoplankton taxonomic composition at the class level (reviewed in Jeffrey and Vesk 1997; Wright and Jeffrey 2006) . Several studies have used HPLC pigment signatures to assess the algal taxonomic composition in Arctic seas (e.g., Hill et al. 2005; Coupel et al. 2012 Coupel et al. , 2015 Fujiwara et al. 2014; Alou-Font et al. 2013; Vidussi et al. 2004) , including the Chukchi Sea. However, in the absence of direct measurements of phytoplankton pigment, taxonomic composition has also been derived based on excitation/emission fluorescence spectra (Yentsch and Yentsch 1979; Yentsch and Phinney 1985) . Both laboratory and in situ observations have successfully revealed its practical use in identifying or inferring algal community structures (e.g., MacIntyre et al. 2010; Houliez et al. 2012; Kuwahara and Leong 2015; Wang et al. 2016 ). An in situ multi-excitation fluorometer is a powerful tool for inferring vertical distribution of phytoplankton community structure with high resolution. However, the spectral fluorescence method still has some limitations when applied to in situ observations. For example, the instrument must be calibrated using isolated algal cultures from the study area either before or after observation (Wang et al. 2016) . Fortunately, as mentioned above, several studies have referred to the relationship between phytoplankton pigment and taxonomic composition in the Chukchi Sea. Thus, the derivation of pigment signatures is considered sufficient to infer the distribution of phytoplankton communities in the western Arctic Ocean.
The Multi-Exciter (JFE-Advantech Inc.), which measures fluorescence response (emission) between 630 and 1000 nm excited at nine wavelengths (375, 400, 420, 435, 470, 505, 525, 570, and 590 nm) , is designed to derive temporally or vertically continuous distribution of phytoplankton taxa. Instead of calibration with pure culture samples (Chaetoceros sp., Nannochloropsis sp., and Microcystis sp. are used as default reference groups), we developed a model to derive accessory pigment/chla ratios by quantifying the relationship between fluorescence spectra and HPLC pigments/ chla ratios obtained at the same depth. The development of the model was based on an empirical orthogonal function (EOF) analysis of the fluorescence spectra. Several previous studies have successfully modeled water constituents, chla or phytoplankton community/size composition using EOF analysis of spectral optical signatures, such as remote-sensing reflectance and absorption (Craig et al. 2012; Bracher et al. 2015; Wang et al. 2015) . Similarly, we extracted the dominant modes of excitation spectra from the EOF analysis using the MATLAB statistical toolbox (MathWorks Inc.). To minimize the effect of chla concentration, which directly affects the fluorescence spectral shape and magnitude, the spectra were standardized by subtracting the mean and dividing by the standard deviation. Then, the variability of the spectral shapes became comparable with the pigment/ chla ratios. Chlc3, peri, but, fuco, hex, pras, allo, and chlb were chosen for the modeling of their ratios against chla. The partial regression coefficients were selected by stepwise method such that all coefficients were statistically significant (t test, p < 0.05).
Chla from satellite ocean color data
Aqua-MODIS level-3 standard mapped images of the spectral remote-sensing reflectance (R rs ) data (daily and 9 km resolution) were acquired from Goddard Space Flight Center/Distributed Active Archive Center, NASA. Using the continuous time series R rs data (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) , we derived chla concentration from the Arctic OC4L algorithm (Cota et al. 2004) , which was optimized for the optical properties of phytoplankton in the Arctic Ocean. September climatologic mean chla were also computed for the Chukchi Sea (Fig. 1a) .
Statistical analysis
To group samples of similar pigment composition, cluster analysis was conducted for accessory pigment/chla ratios. This method has been used widely for dividing large volumes of pigment data into several groups (e.g., Hill et al. 2005; Fujiwara et al. 2014; Goés et al. 2014; Isada et al. 2015) . For clustering, the unweighted pair group method using arithmetic averages (UPGMA) algorithm with Euclidian distance was chosen following Isada et al. (2015) . Cluster analysis was also performed for the pigment/chla ratios predicted by the Multi-Exciter, but the k-means clustering method was applied to divide the sample into the same number of cluster as the in situ clusters. The optimum number of cluster was determined using Calinski-Harabasz index (Calinski and Harabasz 1974) .
To illustrate the similarity of environmental variables coincident with pigment samples, we conducted a principal component analysis (PCA). Temperature, salinity, total inorganic nitrogen (TIN = nitrate + nitrite + ammonia), phosphate, silicate, f OF , f SIM , and PAR were used as the inputs of the PCA after standardization. Temporal and vertical changes of environmental properties were assessed using the PCA scores. These statistical analyses were performed using the MATLAB statistical toolbox.
Grazing rate of Calanus glacialis C5
Incubation experiments to assess temporal changes in the grazing activity of C. glacialis copepodid stage five (C5), which is a key zooplankton species and one of the most abundant species within the region, were conducted twice before the SWE (September 12 and 16) and twice after the SWE (September 24 and 25) using an on-deck incubator. Prior to the water sampling for the incubation, we determined the maximum chla fluorescence depths using a CTD equipped with a fluorometer. Then, seawater was collected from the layer of maximum chla fluorescence and dispensed into an acid-rinsed 20-L polyethylene bottle. The sample water was divided into 2.3-L acid-cleaned and Milli-Q rinsed polycarbonate bottles, screened with 330 µm mesh to remove mesozooplankton. Calanus glacialis C5 individuals were collected using ring net (mouth diameter 80 cm, mesh size 335 µm) with a 2-L cod-end. Collected zooplankton was retained in ~ 1000 mL of cool filtered seawater prior to being placed into an incubation bottle. Active, freshly collected individuals of C. glacialis C5 were chosen and placed in an incubation bottle, one individual per bottle. Each incubation bottle was then sealed with Parafilm, after confirming no bubbles were inside the bottle, and tightly capped. We set two treatments and two control bottles (without copepods) and incubated them for 24 h. During the experiment, the temperatures of the bottles were controlled by running surface water over them, and the light condition was adjusted to 7% relative to surface PAR to be close to the optical depth of chla maximum. Chla concentration was measured before and after the incubation for total, > 20, 2-20, and < 2 µm particles by filtering 500 mL of water through a 20, 2 µm polycarbonate filters and 0.7 µm GF/F filter (47 mm diameter, Whatman), and concentrations were measured using the fluorometer as described in "Cruise summary and water sampling" section. Then, the grazing rates for each size of chla were calculated following the method of Dagg et al. (2006) .
Results
Times series of environmental variables
At the beginning of the FPO, the water column was strongly stratified by both temperature and salinity, and it showed a clear two-layered structure (surface mixed layer was ~ 25 m) (Fig. 2b, c) . The upper layer temperature was > 2.5 °C and the salinity was < 31.5. The water mass classification during the FPO is shown in Fig. 2j modified from Itoh et al. (2015) for the FPO considering the large fresh water fraction attributed to sea ice meltwater (f SIM ). The surface water is categorized as sea ice meltwater (SIMW) (Fig. 2j) . The low salinity was coincident with relatively large amounts of f SIM (> 0.02) (Fig. 2 g ). In contrast, the lower layer temperature was near freezing (< − 1 °C) and its salinity was ~ 32.8. The water mass around pycnocline was Bering shelf water (BSW), and bottom water was Pacific winter water (PWW) (Fig. 2j) . Both the thermocline and the halocline were located between depths of 20-30 m, where PAR relative to the surface was 3-10%. Vertical profiles of TIN (Fig. 2d) and phosphate (Fig. 2e) followed those of temperature and salinity with depletion in the upper layer and 2-3 magnitudes higher in the lower layer. Silicate generally exhibited a profile similar to the other two nutrients but a subsurface maximum occasionally appeared around the pycnocline with relatively higher f OF (> 0.03) (Fig. 2f, h ).
During the FPO term, we observed two occasions when the wind exceeded 10 m s −1 : September 14 (257, Julian day) and September 19-21 (262-264, Julian day) (Fig. 2a) . Since the major biological responses were found after the stronger and longer second wind event, we hereafter call the second event as SWE in this paper. The strong wind was also recorded at the other four sites around the FPO. We found the apparent responses of the marine environmental variables to the strong wind. The pycnocline weakened after the first strong wind (Fig. 2b, c) as a result of the enhanced internal gravity waves Kawaguchi et al. 2015) . Furthermore, the temperature and salinity in the upper layer showed a slight decrease and increase, respectively. The temperature decrease and salinity increase were accelerated by the strong mixing in the upper layer on September 19. As the salinity increased, f SIM in the upper layer decreased (Fig. 2g) , and SIMW changed to BSW (Fig. 2j) . It was remarkable that nutrients in the upper layer showed different responses; TIN did not change significantly (Fig. 2d , j) but phosphate (Fig. 2e ) revealed a significant increase and silicate showed a significant decrease (Fig. 2f) . The response of chla was similar to that of phosphate, which showed a gradual increase from ~ 0.3 to ~ 1.0 mg m −3 in the upper layer after the SWE (details are described in "Short-term changes in phytoplankton groups" section). Both pre-bloom chla (< 0.5 µg L −1 ) and fall bloom chla (~ 1.0 µg L −1 ) were similar magnitude of satellite-derived chla (Fig. 1a, b) .
Short-term changes in phytoplankton groups
Inference of taxonomic compositions
Cluster analysis was applied to the pigment/chla ratios, and we divided the phytoplankton community into three groups with dissimilarity criteria = 0.114 (Fig. 3a) . The clustered groups showed clear distribution differences with date and depth (Fig. 4) . Clusters 1 and 2 appeared around the pycnocline layer (around the chla maximum layer) and surface layer before the SWE, respectively. Cluster 1 expanded its distribution to the upper layer and replaced cluster 2. Cluster 3 was found in the lower layer throughout the FPO term. We inferred major phytoplankton taxonomic groups for each cluster using pigment composition and pigment/chla ratios fully referring to previous related studies (Hill et al. 2005; Fujiwara et al. 2014) . The average algal pigment composition is indicated in Fig. 3b and the mean pigment ratios are listed in Table 1 . Fuco dominated all the clusters (fuco/ chla > 0.3), which is a typical characteristic of the Chukchi shelf during fall that has been reported in earlier studies (e.g., Fujiwara et al. 2014; Coupel et al. 2015) . However, there is large diversity in the secondary pigment/chla ratio among the cluster groups. The taxonomic interpretations for each cluster are documented as below.
Cluster 1 has the highest chla concentration (mean ± standard deviation: 0.667 ± 0.226, n = 45) and the second highest fuco/chla ratio (0.391 ± 0.024, n = 45) ( Fig. 3b and Table 1 ). The cluster was found in the chla maximum layer (around the pycnocline) before the SWE and it spread into the upper layer after the SWE. However, the other pigment/chla ratios are significantly smaller than cluster 2, suggesting a small contribution from non-diatom cultures. Conversely, both the hex/fuco (0.059 ± 0.039, n = 45) and but/fuco (0.038 ± 0.031, n = 45) ratios show much smaller values than cluster 2. Such low values of the hex/fuco and but/fuco ratios indicate that the fuco of cluster 1 was derived mainly from diatoms (Hill et al. 2005) . We determined diatoms with highest biomass group that occupied cluster 1.
Cluster 2 in considered influenced by northern surface water communities because of the high presence of accessory pigments such as but, hex, peri, allo, and fuco. These pigment/chla ratios are the highest among the clusters. Although the fuco/chla ratio (0.308 ± 0.023, n = 34) is close to that of diatom communities found in Fig. 4 Time series of vertical distribution of ratios of a chlc3, b peri, c but, d fuco, e pras, f hex, g allo, and h chlb against chla. Vertical distributions of cluster group divided by i in situ pigment/chla ratios (HPLC cluster) and j pigment/chla ratios predicted by the MultiExciter instrument (ME cluster) are also shown. Black triangles denote onset of the SWE Table 1 Means and standard deviations of pigment/chla and pigment/pigment ratios used in this study to infer the phytoplankton community composition of each cluster
Pigment
Cluster 1 the earlier CHEMTAX (CHEMical TAXonomy) studies in the Arctic seas (Vidussi et al. 2004; Coupel et al. 2015) , the highest hex/fuco (0.160 ± 0.062, n = 34) and but/fuco (0.064 ± 0.027, n = 34) ratios reveals that fuco could somehow be attributed to haptophytes. The highest peri/chla (0.033 ± 0.023, n = 34), pras/chla (0.029 ± 0.019, n = 34), and hex/chla (0.049 ± 0.019, n = 34) ratios indicate some fractions of dinoflagellates, prasinophytes, and hex-containing haptophytes next to the diatoms in this cluster, indicative of the highest taxonomic diversity of the clusters. Cluster 3 shows the highest fuco/chla ratio (0.518 ± 0.049, n = 31) but the lowest chla (0.411 ± 0.533, n = 31) of all the clusters. Pigment/chla ratios are absent or extremely low, except diatom-related pigments (chlc3, chlc1 + c2 + MgDVP, fuco) and the but/fuco ratio. This cluster showed very small temporal and vertical change in its distribution and it was located below the pycnocline throughout the FPO term. Because the cluster is adapted to low chla and high nutrient concentration, we assumed that the growth of phytoplankton assemblages in cluster 3 was strongly light limited. Therefore, we suggest that less productive senescent diatoms mostly contribute to this cluster. Unlike the general pigment composition of this cluster (i.e., high fuco/chla and low chla), we should also note that some of the highest values of chla (> 1.0) observed during the FPO belonged to this group (Fig. 3b) . A few samples attributed to this group appeared sporadically around the pycnocline with the water column chla maximum depth (261-262, Julian day, Fig. 4i ), i.e., the diatoms with high chla have similar pigment composition to the less productive communities of the lower layer.
Relationship between the cluster group and environmental variables
PCA was applied to the environmental variables (temperature, salinity, %PAR relative to surface value, TIN, phosphate, silicate, f SIM , and f OF ) to enable the visualization of the similarities and differences of the environmental conditions. PC1 and PC2 explained 64 and 17% of the vertical and temporal environmental variability, respectively. A scatter plot of PC1 and PC2 colored by the cluster groups of pigment composition is shown in Fig. 5 . It is helpful to understand the relationship between the suitable habitat for the clustered phytoplankton communities and the environmental conditions, as well as the vertical and temporal variations of the environmental variables. PC1 was determined principally by temperature and salinity, which almost explains the vertical features of the environmental variables. The other environmental characteristics modified by the SWE are represented by PC2. Warm, fresh, and oligotrophic surface water at the beginning of the FPO term was occupied by cluster 2 (PC1 = − 4 to − 2 and PC2 = − 3 to − 1).
Cluster 1 first appeared at intermediate depth with moderate nutrient conditions where a subsurface f OF maximum occurred (PC1 = 0-2 and PC2 = 0-3). However, its distribution expanded to the surface along with the nutrient supply after the occurrence of the SWE (PC1 = − 3 to − 1 and PC2 = − 2 to 1). Cluster 2 was suited largely to the less saline, high temperature, and low nutrient conditions of the upper layer (PC1 < − 2, PC2 < 0), but it disappeared after the SWE. Cluster 3 was distributed mainly in the cold, saline, high nutrient, and low irradiance conditions of the bottom layer (PC1 > 2 and PC2 = − 2 to 2). However, as noted in "Inference of taxonomic composition" section, cluster 3 also appeared with high chla (> 1.0) with similar pigment composition to the lower community, which is plotted in the range of PC1 < 2 and PC2 > 0.
Interpretation of pigment/chla ratio using the Multi-Exciter
The EOF analysis of the standardized excitation spectra indicated that the first five modes explained 88.7, 8.29, 1.71, 0.58, and 0.34% of the spectral variance, respectively, i.e., their cumulative contribution accounted for 99.62%. Then, we selected the target pigments (chlc3, peri, but, fuco, pras, hex, allo, and chlb) that were used for the cluster analysis (see "Inference of taxonomic compositions" section) for the prediction. Because the accessory pigment/chla ratios had a lower limit of 0 and would never exceed 1, we chose a Fig. 5 Result of principal component analysis (PCA) for the environmental variables where HPLC data were collected. The variance in the data was majorly explained by principal component 1 (PC1) (64.3%) and component 2 (PC2) (17.2%). Plots are distinguished according to the clustered group and sampled timing; crosses and triangles denote samples taken before and after the SWE, respectively. The vectors of loadings are also shown in the discrete panel; tmp temperature, sal salinity, TIN total inorganic nitrogen concentration, phos phosphate concentration, sil silicate concentration, %PAR percent PAR relative to surface PAR, f SIM fraction of sea ice melt water, f OF fraction of other fresh water sigmoidal model to represent the variation of the pigment/ chla ratios:
where S 1-5 are the EOF scores and β 0-5 are the partial regression coefficients listed in Table 2 . Thus, the pigment/chla ratios could be derived from Eq. 1. The comparisons and statistics of the modeled and in situ pigment/chla ratios are shown in Fig. 6 . The root mean square errors (RMSEs) and determination coefficients between the modeled and in situ pigment/chla ratios are also listed ( Table 2 ). The RMSEs range between 0.007 and 0.020, and the values of r 2 exceed 0.5 in all focused pigment/chla ratios except allo (r 2 = 0.05). The Multi-Exciter was also used to assess the short-term changes in phytoplankton community composition with high temporal and vertical resolutions. The EOF scores (1)
S n (n = 1-5) for unknown samples were reconstructed as below:
where z(λ), µ(λ), and l n (λ) are the standardized fluorescence value, estimated mean value of z(λ), and loadings of EOF mode n for each wavelength λ, respectively. The values of µ(λ) and l n (λ) are listed in Table 3 . The time series of the clustered phytoplankton groups predicted by the MultiExciter for the FPO site is shown in Fig. 4j . The vertical and temporal distributions of the clustered groups at the FPO site match the groups predicted from in situ pigment ratios well (Fig. 4i, j) .
To evaluate the spatial generality of the response of phytoplankton community structure to the SWE, we investigated the time series of the environmental variables (Fig. 7) and pigment/chla ratios at the four sub-FPO stations (A, B, C, and D) (Fig. 8 ). Atmospheric and CTD observations without water sampling captured the (2) S n = (z( ) − ( ))∕l n ( ), Table 2 SWE, and water convection was found to have occurred homogenously at all the stations; however, the initial conditions were slightly different. The vertical water mass structure at the near-shelf break sites (FPO, stations A and B) (Figs. 2b, c, 7b , c, e, f) was similar, but rather weaker stratification and a shallower surface mixed layer depth were found at shelf side sites (stations C and D) (Fig. 7 h, i, k, l). The predicted pigment/chla ratios followed the physical structure; a smaller fraction of fuco/chla ratio was found at the FPO site (Fig. 2d) and at stations A and B (Fig. 8a, d ) before the SWE compared with stations C and D (Fig. 8g, j) . Since the observation sites were set at the edge of the shelf region, initial physical and biological condition showed a weak gradient from shelf to shelf break area. However, the SWE seems to have mixed the upper layer homogenously throughout the region and thus, the temperature decrease and salinity increase were found at all stations (Fig. 7) . The fuco/chla ratio also increased at all stations but conversely, the hex/chla and pras/chla ratios decreased significantly (Fig. 8) . It is notable that low salinity water (< 31.5), probably warmed SIMW (Fig. 2j) , appeared suddenly in the upper layer at station C during 263-265 (Julian day) with a slightly lower temperature (~ 1 °C) (Fig. 7h, i) . A slightly higher hex/chla and pras/ chla ratios co-occurred with this peculiar water mass (Fig. 8h, i) .
Change in grazing rate of Calanus glacialis C5
The grazing rates of C. glacialis on different size phytoplankton before and after the SWE are compared in Fig. 9 . The grazing rates were nearly zero on all size classes before a, d, g, j) , temperature (center panels, b, e, h, k), and salinity (right panels, c, f, i, l) for the sub-FPO stations (A, B, C, and D). Red solid lines in the panels of wind speed indicate 10 m s −1 and black triangles represent the onset of the SWE the SWE. Remarkable but different responses were found among the various sizes after the SWE. The most significant change in grazing rate was found on nanophytoplankton (chla 2-20 µm ). The median grazing rate on nanophytoplankton decreased from − 0.22 to − 1.92 ng chla ind −1 h −1 (U test, p = 0.044). The second largest change was found in chla > 20 µm , which showed a gradual increase in median value from 0.33 to 2.99 ng chla ind −1 h −1 (U test, p = 0.065). However, there were no significant changes in grazing rates on picophytoplankton (chla < 2 µm ) and total chla (chla total ). For comparison, the grazing rate measured by Matsuno et al. (2015) using the gut pigment method is also illustrated in Fig. 9 . It shows a very similar response in grazing rate on microphytoplankton, with a significant increase after the SWE (from 1.16 to 2.27 ng pigment ind
Discussion
Interpretation of taxonomic composition using HPLC pigments
Pigment signatures have been used widely to infer the vertical and horizontal distributions of phytoplankton taxonomic groups at the class level in the western Arctic Ocean (Hill et al. 2005; Coupel et al. 2012 Coupel et al. , 2015 Fujiwara et al. 2014) . Several methods exist for the interpretation of phytoplankton groups from accessory pigment concentrations, e.g., multiple regression analysis and the CHEMTAX method (Wright and Jeffrey 2006) . The multiple regression method quantifies the contribution of accessory pigments toward chla using several accessory pigments. It is suitable for data where the taxonomic composition is unknown (Wright and Jeffrey 2006) . However, we were unable to obtain the proper equation (not shown). Only few pigments showed statistically significant coefficients, which could be attributed to the narrow range of chla variation during the FPO term. Thus, a larger range of chla variation is required for proper chla quantification using accessory pigments. On the other hand, the CHEMTAX method is not restricted by chla range , a, d, g, j) , hex/chla (center panels, b, e, h, k), and pras/chla (right panels, c, f, i, l) for the sub-FPO stations (A, B, C, and D). Black triangles represent the onset of the SWE Fig. 9 Comparison of grazing rate of Calanus glacialis C5 before (BS) and after the SWE (AS). Grazing rates were calculated for chla attributed to microphytoplankton (GR > 20 µm ), nanophytoplankton (GR 2-20 µm ), picophytoplankton (GR < 2 µm ), and total phytoplankton (GR total ). Grazing rate calculated by gut pigment (Matsuno et al. 2015) is also provided for comparison (GR gut pig. ) with right axis. The boxplots indicate values of median (horizontal bars), 25 and 75% quartiles (box ranges), confident intervals (whiskers), and outliers (crosses). Statistical differences between grazing rates before and after the SWE are shown (p-values, U test) and it is suitable for the detection of the chla contributions of even minor pigments (Mackey et al. 1996) . However, CHEMTAX is sensitive to the initial specific pigment/chla ratios for the target taxa, which vary largely with region and season, and they have not yet been established for our study area. In addition, because we unfortunately did not conduct microscopic analysis for the detailed identification of phytoplankton species, target taxa are difficult to determine and validate. For these reasons, the taxonomic composition was inferred from the patterns of pigment composition fully referring to previous studies of Arctic waters (e.g., Booth and Horner 1997; Vidussi et al. 2004; Hill et al. 2005; Sukhanova et al. 2009; Joo et al. 2012; Coupel et al. 2012 Coupel et al. , 2015 Fujiwara et al. 2014 ).
Short-term changes of phytoplankton community structure
Before the SWE, the water column structure of the FPO sites exhibited typical stratified two-layered condition, i.e., a large fraction of warmed sea ice meltwater in the upper layer and saline Pacific winter water in the lower layer. The strong stratification of the water column meant that nutrients were almost depleted in the top layer consequence of primary production after the sea ice melt. The SWE enhanced internal waves and wind-induced mixing, which weakened the stratification Nishino et al. 2015) . The upper layer mixing and subsequent nutrient supply from lower layer enhanced surface chla from 0.33 to 0.84 µg L −1 in average. Such magnitude of surface chla is not normally seen around the FPO site from the satellite observation (Fig. 1a) . Although we acquired 35 scenes of satellite chla during Septembers of 2003-2015, we found that only the 4 scenes exceeded 0.8 µg L −1 (Fig. 1b) . Therefore, it can be said that the fall bloom in the shelf region of the central Chukchi Sea is an episodic event.
During the FPO term, fuco/chla ratios were always higher than other pigment/chla ratios. This characteristic is widely observed in the surface layer of the shelf region during fall (Fujiwara et al. 2014) . Coupel et al. (2012) also reported that the contribution of fuco to total accessory pigments exceeded 70% on the Chukchi shelf during summer. Although fuco is commonly used as a proxy of diatom pigment (e.g., Jeffrey and Vesk 1997) , microscopic analysis suggests that fuco in the surface layer of the Chukchi shelf and Canada Basin originates from nanophytoplankton. During the FPO term, Nishino et al. (2015) reported that small phytoplankton (< 20 µm) was predominant in the upper layer before the SWE. Our data revealed hex, pras, and peri ratios against chla were larger before the SWE in the upper layer where a relatively large value of f SIM was found. Such a large value of f SIM is typical of the surface water of the northern basin area during late summer to fall (e.g., Yamamoto-Kawai et al. 2005) where non-diatom communities such as prasinophytes, green-algae, and haptophytes are generally predominant (Hill et al. 2005; Sukhanova et al. 2009; Joo et al. 2012; Coupel et al. 2012; Fujiwara et al. 2014 ). In such waters, nutrients are generally depleted and small-celled phytoplankton and regenerated production are common (e.g., Sherr et al. 2003; Hill et al. 2005; Matsuno et al. 2014) . Community structures for the subsurface chla maximum were also reported and generally pennate and centric diatoms were predominant in terms of cell abundance or chla concentration (Sukhanova et al. 2009; Joo et al. 2012; Coupel et al. 2012) . Consistent with these past studies, a higher fuco/chla ratio was found at the depth of chla maximum during the FPO term, which increased after the SWE. An increase in the chla and fuco/chla ratio in the upper layer was probably attributed to the remarkable increase in the pennate diatom Cylindrotheca closterium (Yokoi et al. 2016) . The replacement of the algal community of cluster 2 by cluster 1 in the upper layer could be the consequence of changes in pigment composition with pulsed production of pennate diatoms. Such a dramatic increase in pennate diatoms is likely to have contributed to the doubling of the water column primary production . These results also suggest that the phytoplankton community in the subsurface chla maximum plays an important role for the development of the fall bloom phytoplankton owing to increased light and nutrient availability via the wind-induced mixing.
The relationships between the environmental variables and phytoplankton community structures are visualized well by the PCA plot (Fig. 5) . Suitable environmental conditions for each clustered group can be explained approximately by PC1; clusters 1, 2, and 3 are adapted to small, moderate, and large PC1, respectively. In contrast, PC2 can be treated as the proxy of pycnocline strength, where the f OF maximum occurs . The homogenization of water properties in the upper layer by the SWE reduced PC2, i.e., the stratification weakened and cluster 2 disappeared after the SWE. Such replacement of the upper layer community of cluster 2 by cluster 1 can be explained by the positive and negative contributions of phosphate and f SIM . However, TIN and silicate apparently showed very weak contributions to the taxonomic changes in the upper layer. Because of the immediate use of TIN for primary production , TIN supply from the lower layer was difficult to detect. This is why TIN and silicate showed much weaker contributions to the switching of the surface phytoplankton community. Overall, the PCA revealed that temporal changes in the phytoplankton community structure were concomitant with environmental variations.
Interpretation of phytoplankton groups using
Multi-Exciter
Measurement of multi-spectral excitation/emission fluorescence is a rapid and costless method for the determination of phytoplankton taxonomic composition (MacIntyre et al. 2010) . However, it requires suitable calibration of pigment-taxonomy relationships using pure cultures of the target species. The Multi-Exciter also requires pre-or postcalibration using the spectral fluorescence features of pure culture samples of the target species (Yoshida et al. 2011) . During field sampling, it is difficult to predict those types of species that will appear at the observation site. In the case of the western Arctic Ocean, several past studies have already reported the relationship between taxonomy and pigment composition (Hill et al. 2005; Coupel et al. 2012 Coupel et al. , 2015 . Therefore, the derivation of pigment/chla ratio using the Multi-Exciter could provide important information for inferring and monitoring phytoplankton communities in the western Arctic Ocean.
The relationships between in situ and predicted pigment/ chla ratios showed good agreement except for allo and chlb (Fig. 6, Table 2 ). We should note that the pigments that appear constantly, such as fuco, but, and pras, are better predicted than those that appear sporadically, such as allo and chlb. Despite the poorer predictions of chlb/chla and allo/ chla ratios, the cluster analysis applied to the Multi-Exciterpredicted pigment/chla ratios also showed good agreement with the in situ clustered groups, in both their vertical and their temporal patterns (Fig. 4i, j) ; the timing of the switching of surface communities and vertical locations of the clusters were well matched. This is because allo is one of the major accessory pigments that contribute to chla variability. However, the allo/chla ratio was quite low (~ 0.03 maximum) compared with other pigments and thus, it did not have much effect on the clustering result. Our results reveal that interpolative use of the Multi-Exciter for the monitoring of phytoplankton pigment is practical for high-resolution observation. Unfortunately, we did not obtain samples independent of the model development data for the validation of the model; however, such matching of the distribution patterns in cluster groups supports proper use of the model. Moreover, as shown in Fig. 8 , every 24 h observation using the Multi-Exciter at the stations 16 km from the FPO site also showed significant responses in pigment signatures to the SWE and subsequent environmental changes. That is, the initial oceanic conditions at the FPO and sub-FPO sites were different, though changes in phytoplankton community structure occurred at the four other stations as well as at the FPO site. It suggests that such extrapolative use to confirm the spatial generality of phytoplankton response to environmental forcing is also practical. Therefore, we would like to highlight that the prediction of pigment/chla ratios using the Multi-Exciter with in situ optimization is applicable for the high-frequency observations and for inferring phytoplankton community structure. Recently published analysis using the Multi-Exciter has also demonstrated the effectiveness of in situ optimization using CHEMTAX-derived taxa in the East China Sea (Wang et al. 2016) . It is expected to advance our knowledge of the variability of the temporal and spatial distributions of phytoplankton assemblages by attachment to CTD profilers, moorings, or by application to continuous monitoring of surface water.
Response of grazing rate of Calanus glacialis C5
Calanoid copepods comprised 60% of the total zooplankton abundance during the FPO term. Pseudocalanus spp. and C. glacialis were the dominant species of zooplankton (Matsuno et al. 2015) , accounting for 60 and 35% of the total copepod abundance, respectively. Considering its large body size and biomass, C. glacialis is considered a key species in the waters of the Arctic shelves (Conover and Huntley 1991; Lane et al. 2008) . It is important to assess their response of feeding activity to the eventual fall bloom. Matsuno et al. (2015) has reported a temporal change in grazing rate and grazing impact of C. glacialis C5 during the FPO using the gut pigment approach. They showed that the grazing rate increased significantly with chla after the SWE (from 0.11 to 0.18 ng pigment ind −1 day −1 ). In addition to their study, we measured the grazing rate of C. glacialis C5 for three size classes of phytoplankton busing the incubation approach. Our results revealed an increase of grazing rate on microphytoplankton (> 20 µm) after the SWE that was consistent with the gut pigment approach. Another notable point is that the grazing rate for nanophytoplankton showed negative values and a significant decrease after the SWE. A similar phenomenon for nanophytoplankton was reported in another region under grazing experiment conditions of copepods with incubation bottles. For example, Liu and Dagg (2003) reported chla of sizes < 5 µm or 5-20 µm increased after adding mesozooplankton, suggesting that mesozooplankton grazing caused the removal of microzooplankton, which reduced the grazing pressure on small phytoplankton. Similarly, selective grazing of Neocalanus spp. on larger particles in the Pacific Ocean has been found to enhance smaller phytoplankton growth in the incubation environment through the cascade effect (Liu et al. 2005; Dagg et al. 2006 Dagg et al. , 2009 . In the study region, Campbell et al. (2009) reported strong food preference of C. glacialis for microzooplankton rather than diatoms because of the decline of food quality of the diatoms in post-bloom conditions. Although we did not measure the grazing rate of microzooplankton, a decrease in the grazing rate on nanophytoplankton after the SWE is believed to result from reduced microzooplankton grazing pressure. We also would like to note that grazing rates on all size classes of phytoplankton were nearly zero before the SWE, indicating the minimal cascade effect and minimal feeding activity of C. glacialis on both microzooplankton and microphytoplankton. This might be because C. glacialis prepared for diapause (Matsuno et al. 2015) . However, the fall bloom apparently enhanced the feeding activity of C. glacialis not only on microphytoplankton but also on microzooplankton. Estimated food requirements of C. glacialis C5 during the FPO term suggest that the enhanced phytoplankton biomass is still insufficient to maintain their population and thus, another food source was suggested by Matsuno et al. (2015) The significant cascade effect found in this study supported their suggestion that microzooplankton is likely consumed by C. glacialis C5 together with increased quantities of microphytoplankton.
We captured the enhanced diatom biomass that is clearly transferred to C. glacialis, which is the key species linking the primary producers and higher trophic level organisms in the waters of the Arctic shelves (Søreide et al. 2010) . However, it is still unknown whether the fall bloom positively affects their life cycle. It seems that the fall bloom can provide additional energy for secondary producers before overwintering. Seasonal succession of phytoplankton species is reported to have large impact on secondary producers. For example, Leu et al. (2011) reported that yearly changes in the seasonal succession of ice algae and phytoplankton cause yearly differences in C. glacialis recruitment and reproduction in the Rijpfjorden (European Arctic shelf). In the Beaufort Sea, episodic fall blooms have obvious impact on the recruitment of secondary producers (Tremblay et al. 2011) . Similarly, yearly changes in the timing of the spring bloom have significant impact on the production of higher trophic level organisms through the food web in the Bering Sea (reviewed in Hunt et al. 2002 Hunt et al. , 2011 . The impact on secondary producers as a whole remains unknown because the grazing experiments were conducted only for C. glacialis C5, even though they comprise one-third of the total mesozooplankton abundance. As secondary producers can be sensitive to changes in primary producers, further research is required to comprehend the roles of fall blooms in the entire ecosystem with reference to the recent increase in the number of stormy days during fall in the Chukchi Sea (e.g., Serreze et al. 2000; Zhang et al. 2004; Sepp and Jaagus 2011) .
Summary and conclusions
HPLC pigment signatures clearly captured the changes in phytoplankton community structure with environmental changes triggered by the SWE that occurred during the FPO term. The SWE was sufficiently strong to supply nutrients from the lower layer to the upper layer and to enhance diatom biomass, which was severely nitrate-limited during the post-bloom conditions. We developed a model to enable high-frequency measurements of the pigment signature from multi-wavelength excitation/emission fluorescence spectra by quantifying the relationship between in situ pigment concentrations and excitation spectra. The changes in phytoplankton pigment signature were also observed by MultiExciter. Moreover, the grazing experiment of C. glacialis C5 revealed a significant increase of feeding activity, supporting potential increased consumption of diatoms together with microzooplankton, which could affect the success of overwintering and reproduction in the following spring. Thus, the SWEs on the Chukchi shelf during fall have remarkable impact on both primary and secondary producers (Matsuno et al. 2015; Yokoi et al. 2016) . The occurrence of the fall bloom, or changes in its magnitude and timing, is noteworthy to comprehend the recent drastic ecosystem changes in the Arctic Ocean.
